Xylem anatomical traits can provide insights regarding the mechanisms affecting the distribution of vascular plants across environmental gradients. In this study, we aimed to investigate the hypothesis that lianas occurring in semiarid environments have characteristics that maximize the xylem resistance to tension-induced cavitation along the root--stem-branch continuum. To gather information regarding the hydraulic architecture of the lianas, we analyzed several anatomical traits of wood: cross-sectional area occupied by the parenchyma (A P ), fibers (A F ), and vessels (A V ); average vessel diameter (d); wood density (WD); pit diameter in the vessel wall (d pit ); pit density (N pit ), and potential hydraulic conductivity (Kp) in branches, stems, and roots of three congeneric species of lianas that occur in two vegetation types of the semiarid regions of Brazil. We found that lianas in these semiarid environments possess a number of the following xylem traits that may allow resistance to tension-induced cavitation:1) lower vessel diameter, lower Kp, and higher hydraulic safety in roots and branches; 2) Dimorphic vessels, ensuring both hydraulic efficiency and safety; and 3) small diameter of pits (potentially associated with a decrease in the membrane area of the vessel pits). This suite of traits may provide insight into mechanisms allowing lianas to occur in semiarid environments.
Introduction
Plant hydraulic architecture can be defined as the set of parenchyma, fibers, and vessel elements or tracheids that are involved in water transport through the soil-plantatmosphere continuum . Differences in the spatial pattern and proportions of these tissues may result in different consequences for water absorption and use by the plant (Tyree & Ewers 1991) . Hence, analysis of plant hydraulic architecture may indicate how water availability shapes plant form and function (Tyree & Ewers 1991; Bucci et al. 2004) .
Several anatomical and morphological characteristics of the xylem can be used to infer about the hydraulic safety and efficiency of plants (Choat et al. 2005; Poorter et al. 2010; Jacobsen et al. 2012) . Wood density (WD) has been shown to influence hydraulic conductivity (Bucci et al. 2004) as well as the resistance to drought-induced embolism and water storage capacity in the xylem (Pratt et al. 2007; Jacobsen et al. 2008; Chave et al. 2009; Zanne et al. 2010) .
Differences in WD may be determined by variations in the dimensions and proportions of the vessels, fibers, and parenchyma (Poorter et al. 2010; McCulloh et al. 2012) . Generally, species with high WD have narrow vessels, high proportion of fibers, and a low amount of parenchyma (Zanne et al. 2010) . These characters should reduce the hydraulic conductivity and increase the xylem resistance against embolism in comparison to species with low WD (Choat et al. 2005; McCulloh et al. 2011) .
In addition, anatomical characteristics of vessel pits are important for resistance to drought-induced embolism (Hacke et al. 2006) . The pits allow the flow of water between vessels and adjacent non-conducting cells, and they can prevent the entry of air into functional vessels . According to the air-seeding hypothesis (Zimmermann 1983) , cavitation occurs when the outside air enters functional vessels through the vessel pits. Hacke et al. (2006) showed that the increase in resistance to drought-induced cavitation was correlated with the decrease in the membrane area of the vessel pits in many species and growth forms.
In lianas, the xylem shows cambial variations that are assumed to be adaptations related to the climbing habit of these plants, including wide vessels, high proportion of parenchyma, and low amount of fibers (Carlquist 1985; Brandes & Barros 2008) . Although wide vessels provide greater hydraulic conductivity to lianas than other growth forms, they may also decrease their hydraulic safety (Gartner et al. 1990; Ewers et al. 1997; McCulloh & Sperry 2005; Gutierréz et al. 2009) . The low amount of fiber increases the flexibility of the stem (Carlquist 1985; Brandes & Barros 2008; Carlquist 2012) and decreases the risk of mechanical damage to the xylem (Carlquist 2012) . On the other hand, the significant amount of parenchyma can increase the capacity to store water in the stem (Martínez-Cabrera et al. 2009 ).
Low water availability in semiarid environments results in greater risks of embolism and cavitation in conducting vessels of vascular plants and can potentially prevent the establishment of drought-sensitive species (Sperry & Hacke 2002) . Unlike lianas, trees and shrubs that occur in semiarid habitats tend to be smaller, have short and narrow vessels, high proportion of fibers, and high WD that increases the resistance to cavitation but reduces hydraulic conductivity Hacke et al. 2006; Mitchell et al. 2008) . Lianas are presumably sensitive to soil water depletion; however, few studies have investigated the anatomical characteristics of the hydraulic system of lianas that occur in seasonally dry environments (Brandes & Barros 2008; Pace et al. 2009; Angyalossy et al. 2012 ). In addition, although the xylem hydraulic architecture of liana roots is still unknown, it can provide important insights to explain the hydraulic functioning of liana species in semiarid zones (Carlquist 1989; Choat et al. 2005; Poorter et al. 2010; Gea-Izquierdo et al. 2012) .
Our goal was to investigate the hypothesis that lianas occurring in semiarid environments have characteristics that maximize the xylem resistance to drought-induced cavitation along the root-stem-branch continuum. To provide insight into the possible mechanisms and strategies of the whole-plant hydraulic functioning, we analyzed the hydraulic architecture of three congeneric species of lianas that occur in two vegetation types of the Brazilian semiarid tropical zone. We measured the anatomical characteristics of the xylem that are related to efficiency and safety in water transport: WD; cross-sectional area occupied by the parenchyma (A P ), fibers (A F ), and vessels (A V ); vessels density (N); vessel average diameter (d) and maximum diameter (d max ); vessel hydraulic diameter (D h ); hydraulic conductivity potential (Kp); pit diameter in the vessel wall (d pit ); and pit density (N pit ) in branches, stems, and roots. Variations in xylem anatomical characters can lead to differences in the hydraulic performance across species (McCulloh et al. 2010) and can provide insights about the mechanisms that allow lianas to occur in semiarid environments.
Material and methods

Study area and focal species
We collected lianas in two vegetation types which are regionally known as caatinga and carrasco. Both vegetation types grow in a semiarid climate and have different richness and abundance of lianas (Araújo & Martins 1999; Araújo et al. 2011) . The study areas are located within the Serra das Almas Private Natural Heritage Reserve (5°7'001"S and 40°52'220.79"W), which is in the mid-western region of the state of Ceará and is located in the northeastern semiarid region of Brazil.
The caatinga, a deciduous thorny savanna, occurs on terrains of the crystalline basement complex at altitudes from 300 to 400 m a.s.l. (Costa & Araújo 2012) . The annual average temperature is 27°C, and the average annual rainfall is 698 mm, of which 84% is concentrated from January to April (Costa & Araújo 2012) . The soil is a Leptosol (FAO 2006) , which corresponds to clayey, shallow, and rocky soils. The carrasco, a dense deciduous shrubby vegetation, occurs at higher altitudes (700-900 m a.s.l.) on an Arenosol (FAO 2006) , which corresponds to sandy, deep, and nutrient-poor soils (Araújo & Martins 1999; Vasconcelos et al. 2010) . The average annual temperature is 26°C, and the average annual rainfall varies from 668 to 1289 mm; the rainfall is also concentrated from January to April (Vasconcelos et al. 2010 ).
Because we did not observe any species that was common to both vegetation types, we selected three congeneric species of the family Bignoniaceae, tribe Bignonieae, and genus Fridericia Mart. In the carrasco, we selected Fridericia chica (Bonpl.) L. G. Lohmann and Fridericia dispar (Bureau ex K. Schum.) L. G. Lohmann. In the caatinga, we recorded only Fridericia caudigera (S. Moore) L. G. Lohmann. We selected congeneric species for our analysis because, according to Wiens & Graham (2005) , strictly related species tend to occupy similar habitats and use similar environmental resources, i.e., related species tend to share similar ecological niches because of phylogenetic conservatism. Thus, we considered these species as suitable models to assess hydraulic functioning through wood anatomy.
Hydraulic architecture, wood density, and conductivity
We selected adult lianas approximately 6-m tall and a stem perimeter at ground level between 9 and 12 cm to collect samples for anatomical analysis. We collected samples of branches, stems at 2 m above ground level, and shallow roots at 1 m distant from the stem in five individuals of each species. To measure WD, we collected a disk from the stem at 1.5 m above the ground level of each individual and determined WD as the ratio between dry mass and water volume (g cm −3 ) following the protocol by Barbosa & Fearnside (2004) .
For the anatomical measurements, we fixed samples of branches, stems, and roots in 50% FAA as soon as they were collected. Stem samples were first sectioned using a sliding microtome into 20-m thick sections, which were cleared with sodium hypochlorite, washed in distilled water, and stained with 1% astra blue and 1% safranin (Gerlach 1984) . Following this, the sections were dehydrated in increasing ethanol series and mounted on slides with synthetic resin. Samples of branches and roots were dehydrated in increasing ethanol series and embedded in Leica Historesin. Sections of 8 m in thickness were cut with a Leica 2065 rotary microtome and then stained with toluidine blue and fuchsine (Junqueira 1990 ) and mounted on slides with synthetic resin.
We analyzed the slides under a Leica DM 4000B LED microscope equipped with an image capture system. To standardize the measurements among species, we selected five growth rings from the outside in, and in that area, we measured the diameter and area of each vessel and the areas occupied by parenchyma, fibers, and vessels, using the software Image J 1.44 (http://imagej.nih.gov/ij/).
To measure vessel pits, lengthwise sections of xylem samples of the branches, stems, and roots were dehydrated in an ethanol series, dried at 37°C, mounted on aluminum stubs, and platinum coated using Emitech apparatus. The samples were analyzed with a Digital Scanning Electron Microscope (Zeiss DSM 940 equipped with digital image capture). For each analyzed organ (branches, stem, and roots), we measured N pit and D pit in five vessels of organ/ individual using Image J software 1.44 (http://imagej.nih. gov/ij/).
We calculated the Kp following the Hagen-Poiseuille law (Poorter et al. 2010) :
where, Kp is the potential specific conductivity (in Kg m MPa −1 s −1 ), ρ w is the water density at 20°C (998.2 kg m -3 ), η is the water viscosity at 20°C (1.002 10 -3 Pa s -1 ), N is the vessel density, and D h is the hydraulic diameter of vessel (in m). We calculated the D h of each vessel because the shape of the vessels was not a perfect circle. We calculated D h using the following formula:
where. is the number of vessels and is the diameter of vessels.
Finally, we evaluated cambial variation according to the classification for Bignonieae proposed by Pace et al. (2009) .
We performed the statistical analysis using the programs PAST version 1.79 (Hammer et al. 2001 ) and R version 2.15.1 (http://www.r-project.org/). We used the Shapiro-Wilk test to test for data normality. We transformed the data into log 10 for standardization when necessary. We used the Fisher test (p < 0.05) to analyze the data of d and Kp be-cause the samples had different sizes. We analyzed the data of WD, N, d pit , and N pit in the vessel wall using a one-way analysis of variance (ANOVA) (p < 0.05). We performed linear regression and Pearson's correlation analyses between the WD data and A P , A F , A V . We related the Kp to D h , A v , and N through a polynomial regression and Spearman correlation coefficient.
Results
We observed a wide range of d in all three liana species ( Fig. 1A-C ), and vessels with both large and small diameters (dimorphic vessels) were present in the branches, stems, and roots of each species. Consistent variation in d was observed along the plant in all three species (Tab. 1). Roots and branches had narrower vessels than the stems (Tab. 1). Only F. chica showed no differences in d between roots and stems (p = 0.08). The maximum vessel diameter (d max ) was largest (over 200 μm) in stems and did not exceed 130 μm in branches and roots (Tab. 1). The diameter distribution of vessels was similar in all species (Fig. 1A-C ). Branches and roots had narrower vessels, which were concentrated in the first diameter classes (Fig. 1A, C) . Although we observed wide vessels in the stems, the highest number of vessels was found in the smaller diameter classes (Fig. 1B) .
N in F. caudigera was higher in the roots and branches and lower in the stem (Tab. 1). Fridericia dispar showed a lower N in roots and the stem and a higher vessel density in the branches. The vessel density was higher in the stem and lower in roots and branches in F. chica (Tab. 1). The branches (F = 0.9463; p = 0.4153) and roots (F = 3.291; p = 0.0758) did not differ in vessel density among species. Fridericia chica showed higher density of vessels only in the stem (Tab. 1) and differed from F. caudigera (F =7.988; p = 0.0004) and F. dispar (F = 5.056; p = 0.01). We did not find differences in the stem vessel density between F. caudigera and F. dispar (F = 2.932; p = 0.13).
The occurrence of many vessels in the first classes of diameter indicates low Kp values, whereas the occurrence of a few vessels in the last classes of diameter indicates high Kp values ( Fig. 1D-F) . In all species, Kp showed positive correlations with hydraulic diameter (D h ) (r 2 = 0.89; ρ = +0.93) and A V (r 2 = 0.74; ρ = +0.94) ( Fig. 2A-B) . D h and A V were positively related to Kp. Because A V is directly related to d, we can consider it a dependent variable; therefore, it has the same behavior as D h with Kp. Because of dimorphism in liana vessels (wide and very narrow vessels together), we did not find a linear relationship between D h and Kp ( Fig. 2A) . We also observed a positive correlation between Kp and N (r 2 = 0.05; ρ = + 0.27) but with low explanatory power (Fig. 2C) .
All species showed low Kp in branches and roots and high Kp in stems (Tab. 1). Small differences in d led to large differences in Kp. This occurs because the conductivity of a given vessel is equivalent to the fourth power of its diameter Table 1 . Characteristics of the xylem of lianas (Fridericia caudigera, F. dispar, and F. chica in a semiarid environment). WD = wood density, A P = cross-sectional area occupied by parenchyma (%), A F = cross-sectional area occupied by fibers (%), A V = cross-sectional area occupied by vessels (%), d = vessel average diameter, d max = maximum diameter, N = vessel density per mm 2 , K p = hydraulic conductivity potential, d pit = pit diameter, N pit = pit density (mean ± standard deviation). (Law of Hagen-Poiseuille). Hence, small vessels in roots and branches showed a stronger decrease in Kp than the vessels in the stem (Tab. 1). All species showed intervascular, bordered, alternate, and non-vestured pits (Fig. 3) . The d pit in F. caudigera was similar in the branches, stem, and roots (F = 2.489; p = 0.19; Tab. 1). The d pit was higher in the stem in relation to the branches and roots in F. dispar and F. chica, (F = 14.09, p < 0.0001; F = 38.53, p < 0.0001, respectively; Tab. 1). Both F. dispar and F. chica showed no difference in the d pit between branches and roots (F = 1.396, p = 0.58; F = 1.644, p = 0.47, respectively). Among the species, F. caudigera showed a higher d pit in the branches and roots (Tab. 1) than the d pit of F. dispar (F = 5.057, p < 0.0001; F = 6.999, p < 0.0001, respectively) and F. chica (F = 6.082, p < 0.0001; F = 8.714, p < 0.0001, respectively). Fridericia caudigera showed a lower d pit in the stem than F. dispar and F. chica (F = 6.527, p < 0.0001; F = 9.389, p < 0.0001, respectively; Tab. 1). We did not find differences in the d pit of the branches (F = 1.025; p = 0.74), stems (F = 2.863; p = 0.11), and roots (F = 1.715; p = 0.44) between F. dispar and F. chica.
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N pit in F. caudigera did not differ among the branches, stem, and roots (F = 2.952; p = 0.06; Tab. 1). The N pit differed among all organs analyzed in F. dispar (F = 23.7; p < 0.0001), showing higher N pit in the branches and lower N pit in the stem (Tab. 1). The N pit was higher in the branches and roots than in the stem for F. chica (Tab. 1). In this species, the N pit was different between branches and the stem (F = 9.666; p < 0.0001) and between roots and the stem (F = 7.192; p < 0.0001). However, we did not find differences in N pit between branches and roots in F. chica (F = 2.472; p = 0.20).
The three species had similar WD (F = 2.531, p = 0.0983; Tab. 1). WD correlated negatively with A V (r 2 = 0.36; r = −0.60; Fig. 4A ) and positively with A F (r 2 = 0.28; r = +0.53; Fig. 4B ) for all species. We did not find a correlation between WD and A P (r 2 = 3E-05; r = 0.0; Fig. 4C ). The highest proportion of the cross-sectional area was occupied by parenchyma in roots, vessels in stems, and fibers in branches (Tab. 1).
Fridericia caudigera and F. dispar showed deep phloem wedges inserted in the secondary xylem and xylem areas among the wedges, thus forming a disjoint cambium ( Fig. 5A-B) . Fridericia chica showed tenuous phloem wedges (Fig. 5C ). We observed that shallow arches are formed, which result from a limited activity of the areas of cambial variation.
Discussion
Mean conduit diameter at distal parts (branches and roots) of the three liana species were narrower than in stems, thus suggesting higher hydraulic safety in branches and roots. Conduit tapering appears to be universal in tree hydraulic systems, and plants frequently show a decrease in hydraulic safety from branches to roots (Anfodillo et al. 2006; McCulloh et al. 2012) . However, the arrangement of vessel density and diameter observed in the roots, stems, and branches of the lianas observed in the current study differed from those of other growth habitats. We observed that the xylem attributes of these lianas provide them with lower Kp and higher hydraulic safety in roots. Narrower vessels in roots were also associated with a large amount of parenchyma, a tissue that is commonly involved in water and carbohydrate storage, which can be involved in osmoregulation and further increase the safety margin for embolism formation during drought (Carlquist 1985) . These results suggest that a suite of anatomical traits can provide higher safety for water transport in roots of lianas inhabiting semiarid regions, thus allowing them to withstand low water potentials in soils during dry periods.
Although the vessel of the analyzed lianas does not have vestured pits, the pit diameters (approximately 1.1-1.6 μm) were much smaller than those found by Brandes & Barros (2008) , which ranged from 5 to 10 μm in moist forest liana species. According to Carlquist (1988) and Metcalfe & Chalk (1989) , pits with diameter smaller than 5 μm are extremely small. We found that the decrease in d pit determines an increase in N pit . On one hand, the increase of N pit may imply a lower cavitation resistance because the occurrence and size of large pit membrane pores is thought to increase with the total pit membrane area per vessel (Wheeler et al. 2005 ). On the other hand, membrane pores often have similar sizes among species, and the rare largest membrane pore per vessel determines the level of safety against cavitation (Choat et al. 2003) . Thus, the smaller surface area of intervessel pits that we found may limit the area of the pit membrane and decrease the chance of occurrence of large pores in the membrane. We are assuming that narrow vessels with extremely small pits, mainly in the branches and roots of the lianas in the current study, are strong indicators of higher hydraulic safety; however, this contention still needs to be tested. Because the lianas are very sensitive to soil water decrease (see Clearwater & Clark 2003) and atmospheric water stress, those growing in semiarid environments should have high resistance to cavitation in roots and branches associated with a water pressure increase in the xylem, thereby allowing the absorption and transport of water without inducing drastic hydraulic failures.
Despite of the lack of differences in WD in the stem, the differences in the other attributes among our species show that WD alone is not a good indicator of the hydraulic characteristics of lianas. High values of WD are frequently associated with a gain in resistance against embolism and with a reduction in hydraulic conductivity of the xylem ). However, our results show that WD is not related to the variation in hydraulic conductivity potential, and possibly, not to hydraulic safety of the liana.
The positive correlation between WD and A F and the negative correlation between WD and A V appear to be a common pattern for woody plants (Martinez-Cabrera et al. 2009; Poorter et al. 2010; Zanne et al. 2010) . A larger A V gives rise to a higher porosity of xylem and thus a lower WD (McCulloh et al. 2012) . We observed that an increase Gutiérrez et al. 2009; Rosell & Olson 2014) . Few wide vessels allow for a high Kp; however, these vessels are only found in parts of the stem. In the current study, over 70% of the vessels fell into the first diameter classes. Although the predominance of narrow vessels in the branches and roots of the studied liana species resulted in a lower Kp, it could potentially increase the hydraulic safety (Gutiérrez et al. 2009; Abrantes et al. 2013 ). Although liana xylem is able to transport large volumes of water (Carlquist 1985; Carlquist 2012) , the high percentage of narrow vessels indicate that they also have hydraulic safety. We evidenced these characteristics mainly in the roots, which are responsible for water absorption directly from the soil, and in the branches, which conduct water directly to the leaves.
N has been considered a secondary strategy to enhance Kp. However, we found a weak correlation between these attributes, probably because cross-sectional areas with vessels of similar diameter have different vessel density, thus indicating a weak trade-off between vessel diameter and density in our species. This pattern differs from what is generally described for woody species (Gartner et al. 1990; Poorter et al. 2010; McCulloh et al. 2012) . We attributed the weak correlation between N and Kp to the vessel dimorphism described by Carlquist (1985) in lianas. The vessels in lianas tend to be very wide or very narrow (Carlquist 1985; Lima et al. 2010; Carlquist 2012; Rosell & Olson 2014) in contrast to the normal distribution expected for a population of cells (Carlquist 1985) . In short, the simultaneous presence of wide and narrow vessels (vessel dimorphism) assures both efficiency and safety of hydraulic conductivity in lianas (Gutiérrez et al. 2009 ).
The different types of cambial variation recorded in F. chica and F. dispar, which co-occur in Arenosol, resulted in differences in vessel diameter, vessel density, and hydraulic conductivity. These differences may favor the co-occurrence of F. chica and F. dispar because differences in hydraulic architecture may decrease interspecific competition and favor coexistence (McCulloh et al. 2012) . The most recent species of the tribe Bignonieae show deep wedges, which are similar to those observed in F. dispar and F. caudigera. However, because F. chica is ca. 10 million years more recent than F. dispar, its shallower wedges would represent a return to the most basal state of the clade (Pace et al. 2009; Lohmann et al. 2013) .
Despite the spatial segregation between F. caudigera (found in the caatinga Leptosol) and F. dispar (found in the carrasco Arenosol), the cambial variation pattern is similar in both species, thus suggesting phylogenetic correlation (Pace et al. 2009; Lohmann et al. 2013 ) and phylogenetic conservatism of xylem anatomical characteristics. This fact implies that the geographic distribution and abundance of these species could not only be explained by dispersal filters but also by environmental filters, considering their capacity of using the resources available in each environment. in the porosity of wood in the stem, evidenced by N and the vessel average diameter (d), differed among the studied liana species but had always led to an increase in Kp compared with that of branches and roots.
The distribution of xylem vessel diameter observed in the current study is typical for lianas (Carlquist 1985 ; 
Conclusions
Lianas in semiarid environments possess a number of the following xylem traits that may allow resistance to tension-induced cavitation along the root-stem-branch continuum: 1) higher hydraulic safety in roots and branches; 2) dimorphic vessels, both efficient as safety hydraulic; and 3) small diameter of pits, at least five orders of magnitude smaller than those in lianas of moist forest. The anatomical characteristics of lianas indicate that their hydraulic functioning differs from that recorded in other growth habitats, in which hydraulic safety decreases progressively from branches to roots. The liana species that we studied have two hydraulic safety zones: one in the roots and other in the branches. Narrower vessels were associated with a large amount of parenchyma in roots, a tissue that may play a role in osmoregulation and water storage capacity, whereas narrower vessels were associated with a high proportion of fibers in branches, which can increase the strength of the xylem. Theses xylem attributes generate lower Kp and higher hydraulic safety in roots and branches, thus allowing the absorption and conduction of water under low water potential in the soil during drought.
